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Effects of High-Pressure Treatment on Poplar Wood:
Density Profile, Mechanical Properties, Strength
Potential Index, and Microstructure
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The density profile, mechanical properties, strength potential index, and
microstructure changes of hybrid poplar were investigated before and
after high-pressure (HP) treatments. The results of density profile
indicated that a high uniform density distribution was developed inside
the pressurized wood samples. The mechanical properties results
showed that the HP treatments significantly increased (P < 0.05) the
modulus of elasticity (MOE), the modulus of rupture (MOR), and the
Brinell hardness (BH) of the densified wood at selected conditions. Of all
the wood samples, the compressed wood at 150 MPa condition
possessed the highest density and strength properties. Considering the
variation in strength properties along with density, it can be concluded
that the compression destruction degree of HP treatment was
comparable with that caused by optimized thermal compression
technique based on the strength potential index results. The integrity of
wood cells presented in scanning electron microscopy results
demonstrated the compression of wood cell wall achieved by HP
treatment without causing any fractures, which further indicated that HP
treatment is a less destructive compression technology. Based on this
research, HP treatment has great potential to be applied in wood
densification for commercial use.

Keywords: High-pressure treatment; Hybrid poplar; Density profile; Mechanical property;
Strength potential index; Microstructure

Contact information: a: College of Biosystems Engineering and Food Science, Zhejiang University, 866
Yuhangtang Road, Hangzhou 310058, China; b: Key Laboratory of Equipment and Informatization in
Environment Controlled Agriculture, Ministry of Agriculture, 866 Yuhangtang Road, Hangzhou, 310058,
China; *Corresponding author: huanhuanlee325@126.com

INTRODUCTION

The strength properties of wood are positively related with its density. As a
renewable and environmentally friendly material, high-density wood is widely used in
daily life (e.g., the construction, furniture, and floor industry). However, the supply of
such wood is far from satisfying the growing demand of the market, mostly because of its
long growth period. To solve this problem, fast-growing plantation forests could be used
as a fungible resource, as they have not been effectively exploited because of the poor
mechanical properties in relation to its low density. To make full use of the fast-growing
forest resource, two main modification methods to improve wood density and mechanical
properties have been developed. The first solution is impregnation method that involves
filling wood cell cavities with fluid substances (Devi et al. 2003; Sun et al. 2016). The
other way is to densify wood through compression by reducing its void volumes without
adding any chemicals (Navi and Heger 2004; Welzbacher et al. 2008; Fang et al. 2012;
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Laine et al. 2016). Since the impregnation method can cause damage to ecological
characteristics of natural wood, making the material into one containing potentially
harmful residues that can be harmful to both the environment and human health,
compression technologies are more widely used in wood densification for furniture use.

The wood compression technology originally emerged in the beginning of the 20"
century. At the early stage, wood samples were directly compressed to desired thickness
in the radial direction using heated metal plates. With better understanding of the
composition and natural characteristics of wood, unidirectional static compression with
softening pre-treatment and cooling post-treatment was used to reduce the defects caused
by compression processing. This technique resulted in an improvement of the quality of
densified wood products. During the past few decades, thermo-hydro-mechanical (THM)
compression, thermo-mechanical (TH) compression, viscoelastic thermal compression
(VTC), and sandwich compression have been developed (Navi and Heger 2004,
Welzbacher et al. 2008; Kutnar et al. 2009; Fang et al. 2012; Gao et al. 2016; Laine et al.
2016). Navi and Girardet (2000) reported that the mechanical properties of spruce, pine,
and beech wood were significantly enhanced by THM treatment, particularly in the shear
strength, with the increase rate of more than tenfold. Kutnar et al. (2008) found that the
modulus of rupture (MOR) and modulus of elasticity (MOE) of VTC wood with a 132%
degree of densification were 103% and 129% greater than those of non-densified hybrid
poplar wood. However, these hot-pressing densification methods have some fatal
drawbacks, such as complicated procedures and long treatment time, which result in low
productivity and slow industrialization of these technologies.

Recently, several novel wood compression methods have been studied. Bucur et
al. (2000) treated small pieces of spruce (at 5 MPa) and cherry (at 19 MPa) with
hydrostatic pressure in a hermetically sealed cylindrical vessel. They found that the
average density was improved by 26% for spruce and 46% for cherry. Moreover, the
densified woods became less heterogeneous and less anisotropic than before. In another
study, Blomberg and Persson (2004) studied the effects of semi-isostatic compression on
properties of Scots pine in a Quintus press that can yield pressures of up to 140 MPa.
Based on their findings, they concluded that the application of pressure in all directions
contributed to the prevention of compression defects (e.g., fracture, fragmentation,
spreading, checking). Li et al. (2016) applied high-pressure (HP) treatments (i.e., purely
isostatic compression) to small Chinese fir logs to modify wood properties. Results
showed that pressurized woods possessed better mechanical properties and stability at a
moderate relative humidity (RH). Above all, these results based on previous studies
suggest that purely isostatic compression is a less destructive wood compression
technique compared with traditional compression technologies. In conventional wood
production industry, logs are generally sawn into wood boards to speed up the drying
process. To our best knowledge, the effects of HP treatment on the density distribution,
mechanical properties, and microstructure of wood boards have not been studied yet.

The objective of this study was to investigate the effects of HP treatment on the
density and mechanical properties of hybrid poplar boards. The detrimental compression
effects on the enhanced mechanical performances were compared between HP
densification and other thermal compression methods through the strength potential
index. In addition, a scanning electron microscopy analysis was conducted to examine the
microscopic changes in HP-compressed wood samples and to diagnose how detrimental
the HP densification has been to the cell walls.
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EXPERIMENTAL

Wood Samples

Hybrid poplar (Populus x euramericana ‘Neva’) was provided by a plantation
forest in Henan Province, China. Plain boards (850 mm x 300 mm x 35 mm) were sawn
from poplar logs and were air-dried in a laboratory for several months. After drying, all
dried boards were cut into rectangular wood specimens with the size of 180 mm
(longitudinal) x 80 mm (tangential) x 30 mm (radial). Prior to HP treatment, all prepared
specimens were conditioned under 20 °C and 60% RH until equilibrium was reached. To
ensure the consistency of wood samples, all specimens were carefully selected with
similar weight (200 £ 5 g) and free of macroscopic defects (e.g., knots, cracks, and
splits).

High-Pressure Treatment
HP treatment was conducted using laboratory-scale HP equipment (UHPF-750,
Kefa, Baotou, China), with a maximum volume of 5 L and 600 MPa pressure limit. In
this study, purified water was used as pressure transmitting medium. The initial
temperature of the transmitting medium in the pressure vessel was kept at 25 °C. The
temperature rise caused by adiabatic compression was expected to be 3 °C for every 100-
MPa pressure rise. Considering the low applied pressure and short pressure holding time
(30 s), the temperature of pressure transmitting medium and wood samples during HP
processing was considered to be constant (25 °C). The intensifier used a stepwise ladder-
like process to generate pressure. The average pressure build-up rate was approximately
100 MPa/min, and the depressurization time was less than 5 s. Firstly, the prepared wood
specimens were clamped with iron plates on both tangential surfaces and vacuum-
packaged with polythene bags. The HP treatment was conducted at 50, 100, 150, and 200
MPa for a 30 s. Each combination was carried out with five replicates. After treatment,
three straight lines were drawn on each cross-section of the densified wood specimens to
determine the thickness changes in the compression direction. In this study, the
dimensions of specimens were measured using a digital micrometer (FH-150, Xifeng,
China) with an accuracy of 0.03 mm and repeatability of 0.01 mm. Three replicates were
tested for each measurement. The compression ratio (CR) of the thickness direction was
measured using Eqg. 1, where T, and T. are the thickness of specimens in air-dry
conditions before and immediately after densification, respectively.
T, —
To

Compression ratio (%) = T % 100 1)

Thickness Swelling Test

After HP treatment, all samples were conditioned at 20 °C and 60% RH until the
thickness became stable. Then, the thickness of the compressed samples was measured at
1, 24, 48, 72, 96, 120, 144, and 168 h after the treatment. After the swelling test, the
specimens were still stored at 20 °C and 60% RH for subsequent experiment. The
thickness swelling (TS) was calculated using Eq. 2, where Tq is the thickness in air-dry
conditions during the swelling test.

Thickness swelling (%) = 22="¢ x 100 )

Tc
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Density Profile Measurement

For the density profile measurement, sections sized 50 mm x 50 mm were cut
from the non-densified and densified wood specimens, while the thickness remained
constant at a compressed state. The density profile of the sections was measured using a
cross-sectional X-ray densitometer (DENSE-LAB X, EWS, Germany) with an interval of
0.2 mm through the thickness. Three replicates were tested for each group.

Mechanical Tests

All mechanical tests in this study were conducted using a universal mechanical
testing machine (CMT4204, MTS, China) equipped with a 20-kN load cell. Both the
modulus of rupture (MOR) and the modulus of elasticity (MOE) were measured by a
three-point static bending test with reference to GB/T 1936 (2009). The specimens sized
150 mm x 12 mm x 5 mm were used because the laboratory-scale HP equipment only
produced small densified wood, and the span of supports was adjusted to 100 mm. The
Brinell hardness (BH) was determined in accordance with GB/T 1941 (2009), and the test
samples were sized 70 mm x 50 mm x 10 mm. In this method, a hemispherical ball with
a radius of 5.64 mm penetrated to a depth of 2.82 mm on the tangential surface of
specimens at 3 mm/min. The measurements were taken on six replicates for hardness and
23 replicates for MOE and MOE.

Determination of Strength Potential Index

Further analysis of the effects of densification was determined by calculating the
ratio between the performance prior to and after densification. The density index (pd/po)
and the strength index (fa/fo) reflect the increase in density and strength. The strength
potential index proposed by Blomberg et al. (2005) was used to estimate how much the
strength of densified wood increases relative to what could be expected for non-densified
wood from the increase in density, and was measured according to Eqg. 3. It should be
noted that the constant “b” given in Table 1 is from the function Inf = Ina + blnp,
which indicates the relationship between the density and strength.

Inf =Ina + blnp 3)

Table 1. Constants a and b Describe the Relationship between Density (o) and
Strength (f)

Strength Property Ina b Den(sklg;nlfgnge Source
Modulus of rupture (MOR) -3.46 | 1.25 300-1000 Bodig and Jayne (1982)
Modulus of elasticity (MOE) | -5.88 1 300-1000 Liu and Zhao (2004)
Brinell hardness (HBtang) -12.9 | 2.14 200-1000 Kollmann and Cé6té (1984)

Coefficients a and b given in the literature for functions according to the model: Inf = Ina +

blnp

Scanning Electron Microscopy

Thin sections were prepared by a sliding microtome from air-dried specimens.
The obtained sections were adhered to a silver specimen holder with a double-sided
conductive carbon tape and then were coated with a thin film of gold (10 nm) in a
vacuum evaporator using ion sputtering (E-1010, HITACHI, Japan). The surfaces of the
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wood samples were investigated by a scanning electron microscope (TM3000, HITACHI,
Japan) at 15 kV to analyze the microstructure changes caused by densification.

Statistical Analysis

One-way analysis of variance (One-way ANOVA) was conducted using SPSS
(version 20.0, IBM, USA) to analyze statistical differences among all tested wood
specimens, Duncan's multiple range test was applied (P < 0.05). Different lowercase
letters indicated significant differences, and the significance level was marked in
alphabetical order from maximum to minimum. Results were presented as the mean
values with standard deviations. Graphic presentations were plotted using Origin
software (Version 8.0, OriginLab, USA) and MATLAB (Version 2013b, MathWorks,
USA).

RESULTS AND DISCUSSION

Compression Ratio and Thickness Swelling

Results of thickness, compression ratio (CR), and thickness swelling (TS) of
wood samples treated under various conditions are given in Table 2. An obvious change
caused by HP treatment was observed in the specimen thickness. The reduction in the
thickness of the compressed wood was determined by the compression ratio. As shown,
most of the total deformations (45% CR) occurred below 50 MPa. Only small
compression deformations (approximately 6.5% CR) happened with the pressure 50 to
100 MPa, and no remarkable change was found after 100 MPa. Similar results were
found in earlier studies by Blomberg and Persson (2004). Ahmed et al. (2013) reported
that the compression deformation was affected by anatomical features of the wood, such
as the cell wall thickness and cell cavity size. The thinner the cell wall is, or the bigger
the cell lumen of wood is, the more the cell is deformed. In this research, the vessels of
hybrid poplar, with a relatively thin cell wall and large cell lumen, were easily collapsed,
even at low pressure. That’s why most of the deformations occurred below 50 MPa.

Table 2. Thickness, Density, Compression Ratio, and Thickness Swelling of
Treated Poplar Wood

Pressure (MPa) Théﬁ:(:sss Density (kg/m3) Cclaqrzﬁ(r)e(sozlf n S‘\Evrglclz;(nr;e(soz)
Control 29.25+0.56 a 484.15+6.82 d - -

50 17.19+1.06 b 826.18+10.81 ¢ 45.04+2.46 b 7.79+2.44 a

100 15.20+0.38 ¢ 947.97+46.08 b 51.54+0.59 a 8.17+2.67 a

150 14.49+0.48 ¢ 999.98+25.55 a 53.35£1.09 a 7.10£2.38 a

200 14.84+0.40 c 971.00£11.91 ab 52.46+£1.84 a 7.7243.39 a

All values are expressed as means + SD. Sample means with different lowercase letters in the
same column are significantly different (P < 0.05). Note: the average swelling was calculated
based on the stable state (ranging from day 4 to day 7)

Figure 1 shows that the TS of the densified woods changed with storage time.
Similar trends were observed for all tested specimens. During the first hour after the test,
the thickness of the densified wood rapidly increased by 3.5%. Continuous increase
trends were observed in all groups until 72 h, and the TS ceased after 96 h. Wood is a
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type of viscoelastic material, the cell deformations caused by the compression can result
in internal stresses stored in the microfibrils and matrix of the wood, which is the reason
for the spring-back of densified wood. As shown in Table 2, the final TSs, on average,
were less than 10%, which was similar to hot-pressing compression at the same CR level
(Welzbacher et al. 2008; Laine et al. 2016). In addition, there was no significant
difference (P > 0.05) in the final TS among all HP-densified specimens. All the
subsequent experiments were conducted after 168 h of the swelling test.

A A——A— 4

Thickness Swelling (%)

I 1 1 1 1 1 1 1
1 24 48 72 96 120 144 168 182
Time (h)

Fig. 1. Average TS of HP-compressed wood samples as a function of time during the swelling
test

Effects of HP on Density

The density profile, which characterizes the density through the wood thickness,
is an important attribute because it affects both the physical and mechanical properties of
wood. As shown in Fig. 2, the non-densified wood exhibited almost uniform density with
respect to the thickness direction. This was expected, since hybrid poplar is a rather
homogeneous hardwood (Standfest et al. 2013). Additionally, the tested samples had no
defects (e.g., knots), which also contributed to developing a constant density distribution.
Moreover, the density profile results verified that the density profile of all HP-
compressed specimens differed from that of previous hot-pressing compression methods
(Kutnar et al. 2009; Gao et al. 2016). The N-shaped density gradient across the thickness
showed the lower density region on both sides and obvious higher plateau region in the
middle. This phenomenon was observed in all HP-treated samples, which was most
probably caused by the combination effect of HP treatment and spring-back. Bucur et al.
(2000) reported that shearing deformation from hydrostatic pressure caused some
overlaps between latewood and earlywood, which led to a decrease in the heterogeneity
of the density for both spruce and cherry. Blomberg and Persson (2004) also reported that
a softer structure was more easily densified than the harder one under semi-isostatic
compression, which made the wood density more homogenous. A decline in the density
profile was observed in the surface regions of the HP-treated wood. This was most
probably caused by the spring-back, as discussed before. Additionally, Antikainen et al.
(2014) stated that the low density recorded at the surfaces of densified wood might be a
measurement error because of its slightly uneven surfaces.
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Fig. 2. Density profile of poplar wood samples treated under various conditions: a) control density
profile; b) 50 MPa compressed density profile; ¢c) 100 MPa compressed density profile; d) 150
MPa compressed density profile; €) 200 MPa compressed density profile

The average air-dry density of the control and densified wood was calculated
based on an almost consistent density profile, and the results are shown in Table 2. The
average density of non-densified control specimens was 484.15 kg/m?, while remarkable
increases of 71%, 96%, and 107% were observed at 50, 100, and 150 MPa, respectively.
However, there was no obvious change (P > 0.05) in average density as the pressure
increased to more than 150 MPa. Additionally, no significant variation of average density
happened at pressure levels of 100 MPa and 200 MPa. It is a remarkable fact that the
variation in density value became smaller when the pressure exceeded 100 MPa, and the
growth percentages fluctuated around 100%. This abnormal trend may be a result of the
reduction of void spaces in pressurized wood under the pressure conditions of more than
100 MPa. The increase of the wood density was realized by reducing its volume as the
compression technique was based on the viscoelastic nature of the wood.

Effects of HP on Mechanical Properties

As shown in Fig. 3, the MOE dramatically increased with the increasing of
pressure (ranging from 50 to 150 MPa), while a noticeable decline was observed when
the pressure exceeded 150 MPa. The highest level of MOE was obtained at 150 MPa,
with an increase of 162% in comparison with that of the control. A similar trend was
observed in the modulus of rupture (MOR), as shown in Fig. 4. The HP treatment
markedly improved the MOR of hybrid poplar wood, and there were no significant
differences (P > 0.05) among tested specimens treated at 50, 100, and 200 MPa.

The density is an important property of wood since it is closely related with its
mechanical properties. In the case of densified wood, the strength is generally in positive
correlation with the density; thus, these change trends of mechanical properties were in
accordance with that of its average density. It is an abnormal phenomenon that both MOE
and MOR values of specimens treated at 200 MPa were lower than those at 150 MPa,
though no significant difference of average density was observed between 150 MPa and
200 MPa treated specimens. This might have been caused by the destruction of the wood
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structure during HP treatment. Previous microscopic studies have shown that the
compression process caused a substantial number of cracks and fractures in the cell wall
of densified wood, especially at a high-compression ratio (Bucur et al. 2000; Blomberg et
al. 2006; Ahmed et al. 2013; Budak et al. 2016). These cell deformation defects have a
negative impact on mechanical properties of densified wood. The more damaged the
wood structure is, the less strength the densified wood has at the same density level.
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Fig. 3. Modulus of elasticity (MOE) of poplar wood samples treated under various conditions. The

error bars indicate the standard deviation. Different letters above the columns indicate significant
differences (P < 0.05).
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Fig. 4. Modulus of rupture (MOR) of poplar wood samples treated under various conditions. The
error bars indicate the standard deviation. Different letters above the columns indicate significant
differences (P < 0.05).

The Brinell hardness (BH) is a practical mechanical property to assess the
resistance of wood. The BH results on the tangential surface of the control and HP-
treated wood specimens are presented in Fig. 5. As can be seen, the BH value of non-
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densified specimens was only 1150.5 N; however, the values increased by 49%, 61%,
67%, and 55% after treatments at 50, 100, 150, and 200 MPa, respectively. Statistical
analysis demonstrated that HP compression contributed to enhancing the hardness of
poplar samples (P < 0.05). However, no significant change (P > 0.05) was found among
samples compressed at different pressure levels. The increasing density and possible
destruction of the wood structure also revealed the variation in the hardness with
increased pressure.
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Fig. 5. Brinell hardness (BH) of poplar wood samples treated under various conditions. The error
bars indicate the standard deviation. Different letters above the columns indicate significant
differences (P < 0.05).

Altogether, these strength results indicated that HP treatment was analogous to
traditional hot-pressing compression methods (e.g., TH, THM, and VTC), which can
greatly improve mechanical properties of low-density wood to substitute for harder
species. Compared with traditional densification methods mentioned above (processing
time ranges from 0.6 h to 3 h), the HP treatment used in this study had a relatively
simpler compression procedures and had a shorter pressing time of 30 s, which can
greatly promote the production efficiency.

Strength Potential Index Analysis

The compression of solid wood causes a general collapse in the cell structure, and
possibly results in compression defects (e.g., breaking, cracking). This may have a
negative effect on wood’s strength properties. The strength then usually increases less
than the density in relative terms. In general, the more damage the wood structure suffers
during densification, the worse its strength is at a given density after densification. Many
researchers have reported the relationships between density and several strength
properties among non-densified wood (Bodig and Jayne 1982; Kollmann and Cote 1984;
Liu and Zhao 2004). Mostly, the strength to density relationship takes the form f = ap?
or Inf =1Ina + blnp, where the constants “a” and “b” differ among mechanical
properties (Table 1). Considering the same strength property, the parameters “a” and “b”
also vary much in different studies. This may be caused by the differences in wood
species and individuals. Blomberg et al. (2005) reported that the mechanical properties of
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semi-isostatic densified woods varied with its density, and no obvious change was found
in the strength to density relationship between densified wood and non-densified wood,
except for the coefficient “a”. Therefore, the relationship between density and
mechanical properties can be used to diagnose how much damage the densification
processing can cause to the cell walls. The strength of densified wood relative to what
could be expected for non-densified wood of the same density is used to denote the
“strength potential index”.

The strength potential index (ad/ao) of the HP densification for different strength
properties is given in Table 3. For MOR and MOE, the value of aga, was close to 1,
which indicated that the HP-compressed wood was not negatively affected by
compression in the axial direction. However, the agao of hardness was very low, which
showed that the densified wood was substantially weaker than what could be expected
from its density in the compression direction. This appears to be associated with the
deformation of rays during compression. The rays work as important reinforcements and
affect the strength of non-densified wood in the radial direction. Additionally, Blomberg
(2005) stated that 40% of immediate elastic strain accrued in the semi-isostatic densified
Scots pine when pressure was released, which caused the wood to become rubbery.
Therefore, the hardness of the densified wood was lower than theoretically assumed. It is
noteworthy that the lowest agq/ao of all strength was found in 200 MPa treated specimens,
which reflected that 200 MPa of treatment further pressed the wood samples and caused
more compression defects on wood cells than other HP treatments.

Table 3. Ratios between Densified (d) and Non-Densified (0) Wood for Density
(0), Strength (f), and Strength Potential Index (a = f/p?)

Material Pd/Po MOR MOE BH

falfo ad/ao falfo ad/ao falfo ad/ao
Poplar, 50 MPa 1.71 1.72 0.88 2.05 1.20 1.49 0.48
Poplar, 100 MPa 1.96 1.85 0.80 2.41 1.23 1.61 0.38
Poplar, 150 MPa 2.07 2.00 0.81 2.62 1.27 1.67 0.35
Poplar, 200 MPa 2.01 1.84 0.77 2.31 1.15 1.55 0.35
Poplar, 40% CR? 1.60 1.42 0.79 1.52 0.95 1.64 0.60
Poplar, 50% CR? 1.82 1.45 0.69 1.70 0.93 1.85 0.51
Poplar, 160 °C b 1.97 2.25 0.96 2.29 1.16 3.34 0.78
Poplar, 180 °C ® 2.04 2.25 0.92 2.33 1.14 2.72 0.59
Poplar, 200 °C ® 2.10 2.21 0.87 2.81 1.34 2.79 0.57
Poplar, 220 °C ® 2.06 2.05 0.83 3.00 1.45 2.35 0.50

Hybrid poplar 38% CR® 1.63 1.32 0.72 1.37 0.84 - -

Hybrid poplar 50% CR° | 1.98 | 1.66 | 0.71 1.84 | 0.93 - 3

Hybrid poplar 58% CR® | 2.32 | 2.02 | 0.71 229 | 0.99 - -

MOR (b=1.25), MOE (b=1), and BH (b=2.14) for HP-isostatic densification compared with other
densification methods

aTM compression (Hu 2005)

b THM compression (Fang et al. 2012)

¢ VTC compression (Rutnar et al. 2008)

The strength potential index was also used as an indicator to compare the HP
densification with other thermal densification methods (e.g., TM, THM, and VTC) in the
destructive level of wood cells. The ag/a, for traditional compression methods was
calculated based on the data published in previous studies (Hu 2005; Rutnar et al. 2008;
Fang et al. 2012). As shown in Table 3, the as/a, for MOR and MOE were compared

Yu et al. (2017). “High-pressure wood treatment,” BioResources 12(3), 6283-6297. 6292



PEER-REVIEWED ARTICLE b | oresources.com

among different densification methods. The ag¢/a, at HP treatment tended to be higher
than at TM and VTC compression, although the ag/a, value of HP-treated wood was
slightly lower than the one of specimens treated with THM compression. This result
confirmed that HP treatment enhanced strength properties more effectively than most of
thermal compression technologies in the axial direction. However, the value of HP
densification was slightly lower than that of all hot-pressing compression methods in
terms of the ad/a, of hardness. The hardness property of wood is a reflection of the
resistance of the wood surface; thus, it is closely related to the surface density. The
densified wood treated with traditional densification usually has an uneven density
distribution, i.e., the surface density is greater than the internal density, while the HP-
compressed wood possesses a rather uniform density distribution throughout its
thickness. Therefore, the traditional densification method resulted in a higher hardness
value compared with HP treatment, though the densified wood had a similar average
density. The strength potential index results indicated that HP treatment might have been
less destructive compared with other thermal compression methods.

It should be noted that small wood specimens compared in different densification
methods were free of visible defects. The effects of the HP densification on deformation
differed much between hard and soft structures. More deformation was found in soft
structures, which might contribute to protecting the integrity of the wood cells and
preventing densified wood from spreading and checking. HP treatment is probably the
least detrimental wood compression technique, especially where knots and other possible
defects of wood samples are concerned.

Scanning Electron Microscopy Analysis

Scanning electron microscopy (SEM) was performed to examine the anatomical
changes caused by HP treatment. The SEM micrographs of cross-sections from the
untreated and HP-treated specimens at different magnifications are shown in Fig. 6.
Figure 6a shows the anatomical structure of the control, it is clear that hybrid poplar is a
diffuse porous hardwood with thin-walled vessels and libriform fibers. There are no
obvious differences between the earlywood and latewood, which explains why the
control wood samples possessed relatively uniform density distribution.

According to the Figs. 6a to 6e, HP treatment distinctly changed the
microstructure of hybrid poplar wood. Transects of the wood treated at 50 MPa showed
that vessels were all collapsed and flattened, while the libriform fibers were slightly
deformed. Microscopic examination showed that HP treatment at low pressure (50 MPa)
made the thin-walled vessels collapse and consequently resulted in a high CR.
Furthermore, higher pressure contributed to deforming the cell wall and reducing the cell
lumen volume. After 100 MPa of treatment, only a small part of the cell cavity still
remained open. The most severe deformation was observed at 150 MPa, where the vessel
and fiber lumens were almost completely closed. This explained why the CR increased
with increasing pressure up to 150 MPa. However, it seemed that the compression
deformation recovered at 200 MPa. A slight increase in the volume of void spaces was
found compared with samples treated at 150 MPa, which caused a slight decrease in CR
and density at 200 MPa. As shown by the SEM images derived from a larger area (200
um/100X magnification), the collapsed vessels and deformed cells were evenly
distributed inside of the HP-compressed wood. Therefore, a rather uniform density
profile was acquired.
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As shown in microscopic images (20 um/1500X magnification), all HP-treated
wood specimens were free of obvious compression destruction (e.g., fracture, rupture,
fragmentation) in the cell wall, except the existence of some small cracks in the cell wall
of 200 MPa-compressed wood specimens. The mechanical properties of the densified
wood were determined by the destruction degree of the cell wall. In general, the less
amount of destruction occurred in the cell wall, the better mechanical properties of wood
(e.g., MOE, MOR, and BH) will obtain. Thus, some small cracks of cell wall explained
why the strength of HP-treated wood samples reduced at pressure level of 200 MPa.

Fig. 6. SEM images of poplar wood samples treated under various conditions at different
magnifications: a) control cross-section; b) 50 MPa compressed cross-section; ¢) 100 MPa
compressed cross-section; d) 150 MPa compressed cross-section; e€) 200 MPa compressed
cross-section; f) shows the applied pressure direction of tested wood samples during HHP
treatment

Additionally, the unbroken cell structure verified that HP treatment, as a less
detrimental wood compression technique, could effectively enhance mechanical
properties of low-density wood. Figure 6f describes the simulation chart of the HP
processing applied to the tested wood. In this process, the water acted as pressure
transmitting medium, which transferred pressure fast and evenly, and then the tested
wood sample was compressed by the uniform pressure from all directions. The soft
structure in the wood was more easily deformed by HP treatment compared with the hard
structure, which reduced the compression defects and protected the integrity of wood cell.
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Altogether, the morphology properties of the HP-compressed samples was consistent
with previous studies concerning the morphology of optimized thermal compression
(Navi and Girardet 2000; Kutuar et al. 2009; Ahmed et al. 2013; Laine et al. 2016). The
results confirmed that HP processing is a less destructive compression method for wood.

CONCLUSIONS

1. HP treatment substantially enhanced the density and mechanical performances of the
hybrid poplar boards at selected pressure levels. The results of density and
mechanical properties indicated that 150 MPa may be the optimal pressure condition.
In addition, a relatively uniform density distribution was obtained after high-pressure
treatment at all researched conditions.

2. Results from strength potential index and SEM images demonstrated that HP
treatment resulted in large deformations of the cell wall, without causing any
fractures. As a consequence, HP treatment has been proved to be a less destructive
wood compression technique compared with traditional thermal compression methods
(e.g., TH, THM, and VTC).

3. It can be inferred that HP treatment will be a good alternative technology in the wood
compression industry. However, more studies are needed before putting this
technique into commercial use.
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